In this work we propose the cross-slot geometry as a candidate for a numerical benchmark flow problem for viscoelastic fluids. Extensive data of quantified accuracy is provided, obtained via Richardson extrapolation to the limit of infinite refinement using results for three different mesh resolutions, for the upperconvected Maxwell, Oldroyd-B and the linear form of the simplified Phan-Thien-Tanner constitutive models. Furthermore, we consider two types of flow geometry having either sharp or rounded corners, the latter with a radius of curvature equal to 5% of the channel's width. We show that for all models the inertialess steady symmetric flow may undergo a bifurcation to a steady asymmetric configuration, followed by a second transition to time-dependent flow, which is in qualitative agreement with previous experimental observations for low Reynolds number flows. The critical Deborah number for both transitions is quantified and a set of standard parameters is proposed for benchmarking purposes.
Introduction
Arratia et al. [1] demonstrated experimentally that the lowReynolds number (Re) flow of a flexible polymer solution (a polyacrylamide aqueous solution) through a microfluidic cross-slot geometry can give rise to two different instabilities: a first instability, in which the flow remains steady but becomes spatially asymmetric; and a second instability, in which the flow becomes unsteady and fluctuates with time. In fact, such asymmetries, which are purely-elastic in nature, are not new and were also present in the early experimental work of Gardner et al. [2] . Although the photon-correlation velocimetry technique used by Gardner and co-workers was rather noisy, their velocity profiles are clearly asymmetric downstream of the cross-slot. Gardner et al. [2] thought that the asymmetry was a consequence of either imperfections in the geometry or a ''fluidic-type'' instability. These experimental results were the stimuli for our own numerical investigations. In Poole et al. [3] , a finite-volume numerical technique was used to show that such asymmetries could be predicted even for the upper-convected Maxwell (UCM) model in a trulyinertialess flow (Re ? 0), and that they were probably a consequence of the high compressive normal stresses developed by the viscoelastic fluid when the two incoming streams join. These normal stresses lead to a concave velocity profile, together with an inflection point, as illustrated in [3] along the diagonal lines y = ±x. It is well known that inflection points in velocity profiles are a necessary condition for inviscid instabilities, but even with viscous fluids inflection points are often associated with flow instabilities, at least in flows with non-negligible inertia (a famous example are the experiments and theoretical predictions of G.I. Taylor in rotating Couette flows [4] -now known as Taylor-Couette flows). However, this association is empirical at best, lacking the mathematical/physical insight quality of the Rayleigh criterion for inviscid instabilities, and should thus be regarded with caution.
In this work, we propose the two-dimensional (2D) cross-slot geometry, illustrated schematically in Fig. 1 , as an interesting and useful candidate for a numerical benchmark case for viscoelastic fluid flows. For a wide range of differential viscoelastic models, namely the UCM and Oldroyd-B models [5] and the Phan-Thien and Tanner (PTT) model [6] , we show that, in the limit of negligible inertia, i.e. when Re approaches zero, the flow exhibits two different types of purely-elastic instabilities. Above a first critical value of the Deborah number, De ¼ kU=D ¼ kQ =D 2 , where k is the fluid relaxation time, U the bulk velocity in each arm, Q the flow rate per unit depth in each arm and D the channel width, the steady flow becomes spatially asymmetric, even though the geometry is perfectly symmetric; at higher De the flow then becomes timedependent. The geometry is simple and the steady asymmetric flow is well defined. The local evolution of the bifurcation parameter DQ [3] is well described by a square-root fit which is typical of supercritical pitchfork bifurcations, DQ ¼ A critical Deborah number, De CR , can be predicted with high accuracy, based on the Richardson extrapolation of results for systematically-refined meshes. In addition the flow contains an internal stagnation point where a fluid element is subjected to large extensional stresses. Such behaviour allows the accuracy of numerical methods to be tested away from any influence of boundary conditions, namely by analysis of the mesh-wise convergence of the local Weissenberg number, Wi o ¼ k_ e o , calculated at the stagnation point. Indeed, rounding the corners of the cross-slot with a small radius of curvature seems to have little to no influence on the pitchfork bifurcation, as will be shown in the results section. Up until the work by Arratia et al. [1] , although a great deal of research had been conducted using stagnation point geometries similar to the cross-slot device, such as the four roll mill and opposed-jet devices, such steady asymmetries have largely gone unreported. Therefore, we do not present a detailed review of the early literature here. The interested reader is referred to Schoonen et al. [7] and Remmelgas et al. [8] . For in-depth reviews of the early literature on elastic instabilities see [9, 10] . In numerical studies the inability to predict steady asymmetric flow is easily explained, since most studies imposed symmetry boundary conditions to reduce the computational burden (e.g. [7, 8] ). Experimentally it is likely that the main reason why such instabilities have not been observed is the relative unimportance of elastic effects in macrosized devices, when compared to their micro-sized counterparts (cf. definition of De). The microfluidic nature of the experiments of both Arratia et al. [1] and Gardner et al. [2] , in which effects due to elasticity are inherently enhanced given the small length scales of the flow, is the main reason why such instabilities became observable. Of course the paper by Gardner and co-workers predates the term ''microfluidics'' by some decades, but their channel width, D = 250 lm, is actually smaller than in the work of Arratia et al., at D = 650 lm. This argument is further supported by experimental results for surfactant flows, published by Pathak and Hudson [11] in the same year as Arratia et al. [1] , again in a microfluidic geometry, in which the steady asymmetry and subsequent transition to time-dependent flow were also observed. Since 2006, other publications have reported steady-state asymmetries in cross-slot flows of wormlike micellar solutions, including fully asymmetric flow [11, 12] , Wi-Re stability diagrams delimiting different flow behaviours [12, 13] and also the formation of lip vortices in the inlet channels for strongly viscoelastic fluids [12, 14] .
With the increasing prevalence of microfluidic devices in viscoelastic fluid flow research and engineering, in recent years a number of publications have addressed the issue of steady asymmetries in various cross-slot flows of polymeric solutions. Rocha et al. [15] simulated FENE-CR and FENE-P fluid flows and predicted a transition to steady asymmetry at progressively lower De with increasing values of the extensibility parameter and polymer concentration. The effect of corner sharpness was not significant up to a radius of curvature of 50% of the channel width. According to Larson et al. [16] and later McKinley et al. [17] , streamline curvature is required for the onset of elastic instabilities. This curvature may either be intrinsic to the geometric confinement Table 1 for details). The rounded corner has a radius of curvature of 5% of the channel width, as illustrated by the superimposed circle in (c).
of the fluid, as in Taylor-Couette flows, or be a by-product of the flow itself, as in the cross-slot geometry, such that rounding the cross-slot corners has a negligible effect on the radius of curvature of streamlines near the centre of the device [15] .
Oliveira et al. [18] simulated the flow of UCM and PTT fluids in a flow-focusing device based on the cross-slot geometry. By manipulation of velocity and width ratios of the three inlet channels, they showed flow transitions directly from a steady symmetric to an unsteady state if the normal stresses near the stagnation point are not sufficiently high, suggesting the transition to steady asymmetric flow is a stress relief mechanism. Interestingly, in their simulation of cross-slot flows undertaken using the FENE-P model, Xi and Graham [19] did not report steady asymmetries, but instead a direct transition to unsteady flow at high De. The viscosity ratio used in their study, b = g s /(g s + g p ) = 0.95, corresponds to a dilute polymer solution. Therefore, it is possible this particular flow simulation does not generate sufficiently-high normal stresses and foregoes the steady asymmetric configuration, even though the extensibility parameter b = 1000 is typical of a high molecular weight polymer. Interestingly, Rocha et al. [15] quantified the dependence of De CR on both viscosity ratio b and extensibility parameter L 2 = b + 5 simultaneously, and found that this critical value decreases exponentially with L 2 (1 À b)/b, which demonstrates how polymer molecules must be both sufficiently abundant and sufficiently long if steady asymmetric flow patterns are to be observed. Additionally, Afonso et al. [20] simulated three-dimensional (3D) cross-slot flows with the UCM model. Steady asymmetries were observed for uniaxial extension, but not for biaxial extension. Noticeably, the normal-stress values for components aligned with the outlet channels -e.g. in uniaxial extension, if the inlet channels are along y-and x-directions, the normal stress component aligned with the outlet channel is s zz -near the stagnation point are up to two orders of magnitude higher in the uniaxial case. Besides curvature and sufficiently high polymer concentration and molecular weight, a further requirement for symmetry breaking in stagnation point flows seems to be the occurrence of a free stagnation point, as reported by Soulages et al. [21] . Using experimental measurements and simulations of Oldroyd-B and simplified linear PTT fluids, in T-shaped microchannels with two opposing inlets, and an orthogonal outlet arm, the authors tested the influence of an added cavity, located opposite to the direction of the outlet. In the absence of this cavity, the stagnation point is pinned to the microchannel wall, and even though normal stresses at the observed birefringence strand are 3-fold higher without the cavity, symmetry breakage is only seen in the channel with the recirculation cavity, in which the stagnation point is detached from the wall. Furthermore, without the cavity, the transition to timedependent flow happens at lower Wi, in agreement with the previous discussion on the stress relief provided by a transition to steady asymmetric flow. As pointed out by Soulages et al. [21] , the need for a free stagnation point seems to be related to streamline distortion near that point, and the non-zero strain rate at the stagnation point in the microchannel with cavity, contrasting with zero strain rates at wall stagnation points.
It is clear from the previous description that the cross-slot flow has unique features absent in other benchmark flows, namely in the 4:1 sudden contraction [22] or the flow around a confined cylinder [23] . The latter is essentially dominated by shear, except in the vicinity of the upstream and downstream stagnation points, and although extensional flow plays an important role in the 4:1 contraction, this flow also contains an important shear contribution and a strong dependence on the boundary conditions, namely on the effect of the re-entrant corner. In contrast, the main feature of the cross-slot flow is its strong extensional nature in a region far away from walls, even if there are shear effects elsewhere. The possible occurrence of steady flow asymmetries, which are very sensitive to fluid rheology, flow conditions and numerical accuracy, is also a unique characteristic of cross-slot flows. Indeed, we are not alone in considering the cross-slot bifurcation as an important unsolved problem [24] . Interestingly, upon flow bifurcation, the stagnation point becomes the centre of a small shear dominated area surrounded by the larger extensional field. To the best of our knowledge, the only attempt at addressing a related problem through linear stability analysis [25] was able to predict instability in the idealized centreline for Oldroyd-B type fluids, but only for short waves out of the plane of flow. In contrast, the perturbations seen in our study all lie within the plane of flow. Considering the date of the aforementioned paper, this problem has stood unsolved for circa 30 years, and particularly in the past 8 years, despite renewed efforts since Arratia et al. [1] rediscovered experimentally the phenomenon. Furthermore, the classical benchmark problems lack a well-defined point beyond which they become unstable, whereas for the cross-slot this transition is very well defined and leads to a new type of instability corresponding to a supercritical bifurcation from steady symmetric to steady asymmetric flow. All factors considered, we regard the cross-slot flow as a unique and challenging problem, worthy of benchmark status.
Governing equations, numerical method and meshes
To model the cross-slot flow we assume that the flow is inertialess (Re ? 0), two-dimensional, isothermal and incompressible. Under these conditions, the equations that need to be solved are those of conservation of mass, r Á u ¼ 0;
together with a suitable equation for the viscoelastic extra-stress tensor s. We choose here to use the well-known model due to
Phan-Thien and Tanner [6, 26] -in its simplified, linearized form often denoted sPTT -of which the UCM and Oldroyd-B models are limiting cases
In these equations the constant model parameters are the relaxation time of the polymer k, the zero-shear-rate polymer viscosity g p , the solvent viscosity g s , and the extensibility parameter e. For both the Oldroyd-B and sPTT models, the viscosity ratio b, defined as the ratio of solvent viscosity to total zero-shear-rate viscosity (g 0 = g s + g p ), was kept constant at b = g s /g 0 = 1/9. Two typical values of extensibility parameter e are used to assess its effect, e = 0.02 and e = 0.25 (note that extensibility is larger for lower values of e).
Although a number of shortcomings exist with both the UCM and Oldroyd-B models, most notably the unbounded nature of the steady-state extensional stresses above a critical strain rate _ e ¼ 1=ð2kÞ and their inability to predict shear-thinning behaviour, they are probably the simplest differential models of an elastic fluid which can capture qualitatively many features of highly-elastic flows (e.g. [27, 28] ). These particular deficiencies are absent in the sPTT model. A fully implicit, second-order, finite-volume numerical method is applied to solve the governing equations. The log-conformation technique, introduced by Fattal and Kupferman [29] , is used to solve Eq. (3), after it is converted to the log-conformation tensor as detailed in [30] . The original numerical method and subsequent developments have been described in great detail elsewhere [30] [31] [32] , and so are not unnecessarily repeated here. Boundary conditions for the traction vector components at the walls, which are needed to evaluate the stress divergence term in the momentum equation, are based on local analytical solutions. With Table 1 for details).
the present constitutive models, these are equivalent to assuming a viscometric flow along the wall planes. No finite disturbances are introduced in the numerical simulations to induce the onset of flow asymmetries. Instead, asymmetric solutions were found to develop naturally in the simulations, most likely from accumulation of round-off error at machine level precision -we use double precision in Fortran for all calculations. Table 1 for details).
0.36
In the computational mesh the inlet and outlet arms are ten channel widths (D) in length for all fluid models (see Fig. 1(a) ). Fully-developed velocity (average value U) and stress profiles are applied at the inlets and Neumann boundary conditions are assumed at the outlets for all variables including the pressure gradient. In the central square a uniform mesh with cell spacing Dx min = Dy min is used, while in each arm the minimum cell spacing is the same as this minimum value in cells bordering the central square but becomes progressively larger away from this region. An odd number of cells across each arm, and in the central square, enables the calculation of the variables exactly along the centreline and at the stagnation point. Consistent mesh refinement, in which the minimum cell spacing is halved in each direction, was used to enable the computation of Richardson's extrapolation [33] for the asymmetry parameter DQ, Weissenberg number Wi o at the crossslot centre and Couette correction C. Considering three meshes with characteristic cell spacing h, 2h and 4h, the order of convergence p for variable u is given by [33] p ¼ ln
Given the order of convergence, the variable u may be estimated for an infinitely refined mesh, Table 1 documents the minimum cell spacing, total number of cells, degrees of freedom and corner radius of curvature for the six meshes used. The availability of data for rounded corners should allow the benchmarking of spectral or other higher-order computational methods, as well as a direct evaluation of the Table 1 for details). The curves are simply a guide to the eye. Table 1 for details). The curves are simply a guide to the eye. Table 1 for details). The curves are simply a guide to the eye.
significance of cross-slot corners, and indeed wall boundary conditions, on the steady flow bifurcation. Furthermore, simulations were conducted at progressively higher De, and in smaller increments as the time-dependent flow range was approached, such that the critical Deborah number for the second transition could also be estimated accurately.
Numerical results and discussion
In Fig. 2(a) -(j) we plot the streamlines for some representative cases obtained using mesh M3-R0, where R0 denotes the geometry with sharp corners (see Table 1 ), superimposed upon contours of the dimensionless first normal-stress difference. The experimentally-observed asymmetry can be captured with the UCM, Oldroyd-B and sPTT models, at least if e is sufficiently small (cf. Based
In the vicinity of the stagnation point the 2D velocity field can, in general, be regarded as linear, and may thus be approximated as In Fig. 4 we demonstrate the mesh-wise convergence and Richardson extrapolation of Wi at the stagnation point for the sPTT model with e = 0.02, for both the sharp and rounded corner configurations, while in Fig. 5 we present extrapolated results for all models and geometries. From the numerical data of Wi o we computed an average order of convergence of 2.2, which follows closely the expected second-order accuracy of the numerical method. Notably for both the UCM and Oldroyd-B models the local Weissenberg number at the stagnation point exceeds the theoretical critical value of 1/2. Therefore, at this point, the extensional stresses can become unbounded, since the residence time is infinitely large -for the sPTT model, for which the normal stresses are bounded, this concern is not an issue. Steady-state solutions can still be obtained because at the stagnation point, although singular, the stresses remain integrable (see the interesting discussion in Rallison and Hinch [34] ). That the stresses become unbounded well below the critical De for asymmetric flow, in conjunction with the fact that the asymmetry is also observed for the sPTT model, shows the asymmetry is not directly related to this local stress singularity. Rocha et al. [15] Table 1 for details). Critical De values for both bifurcation and time-dependent flow are available in Table 2 and Table 3 Fig. 7 ) were fitted and the minimization of the sum of point-wise relative error was used as objective function. S r is the point-wise average relative error. Rounded refers to meshes whose corners have been rounded to a radius of curvature of 5% of the channels' width. bility upon the bifurcation phenomenon and concluded that, even though higher extensibility promotes steady asymmetries at lower De, infinite extensibility such as in the UCM and Oldroyd-B models is not a necessary condition for steady symmetry breaking. In Fig. 6 we plot the variation of the polymeric component of stress s yy along the horizontal (upstream) centreline for mesh M3-R0 (see Table 1 ), demonstrating the asymptotically singular nature of the UCM and Oldroyd-B models near the stagnation point. We emphasize that at such flow conditions (Wi 0 > 0.5), the normal stress s yy is unbounded in the region along the outlet centreline for both the UCM and the Oldroyd-B models. Thus, there is a local loss of accuracy near the stagnation point in the numerical solution, which predicts a very large, yet bounded normal stress. This loss of accuracy is limited to a narrow region near the stagnation point, and therefore is not of significant concern. Further mesh refinement would lead to an increase of s yy in the vicinity of the cross-slot centre, with s yy,o ? 1 for cell spacing Dx min , Dy min ? 0, for the UCM and Oldroyd-B models. Although the streamline plots of Fig. 2 provide a qualitative visual indication of the degree of flow asymmetry, a suitable quantitative parameter is necessary as a reliable benchmark variable. An intuitive measure of the degree of asymmetry is the relative split of flow from an inlet arm heading towards each outlet arm, which in a symmetric flow would be 50%. A suitable scalar is the flow asymmetry parameter, proposed by Poole et al. [3] :
Model
The total flow rate per unit depth supplied to each inlet channel, Q = UD = q 1 + q 2 , divides into two outlet streams. For instance, for the west inlet arm, as illustrated in Fig. 1(a) , the total flow divides into the north outflow arm, q 1 plus the south outflow arm, q 2 . For a symmetric flow DQ = 0 and for a completely asymmetric flow |DQ| = 1, i.e. flow from one inlet channel going completely to a single outlet channel. We stress that the total flow rate Q leaving each outlet arm remains unaltered in both the symmetric and asymmetric states, since the latter has an anti-symmetric nature. The Richardson extrapolation of this asymmetry parameter as a function of De is provided in Fig. 7 , for both sharp and rounded corners. The average order of convergence for DQ is 2.1, in agreement with the second-order accuracy of the numerical method used. In order to accurately determine the critical conditions of flow transition, De CR , we fitted the first three points post-bifurcation with the expected square-root formula for supercritical pitchfork bifurcations, DQ ¼ A ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi De À De CR p , where A is a scale factor and De CR is the critical transition De. We opted for a square-root fit over a general curve fit because the data follows the usual trend of a supercritical pitchfork bifurcation, as also pointed out by Wilson [24] . The fit was not extended to higher De since pitchfork bifurcations are intrinsically local (note the lines in Fig. 7 are just data point connections used as visual aids). Fitted parameters and error are given in Table 2 . As expected from previous work [15] , the influence of corner sharpness is negligible upon the critical De for onset of steady asymmetric flow.
As for the second critical Deborah number, which governs the transition to time-dependent flow, we used an approximate method based on the determination of the highest steady De and lowest unsteady De flows for each fluid, using data obtained from the finer meshes available, M3-R0 and M3-R5 (see Table 1 for details). Using steps of 0.01 for De, we were thus able to determine the second critical De with an absolute error of ±0.005. As seen in Table 3 , a radius of curvature of only 5% of the channel width is sufficient to significantly delay the onset of time-dependent flow for the UCM and sPTT (at e = 0.02) models to higher De values. This indicates a distinct source for the two Table 3 Estimated values of De for the second critical transition, from steady asymmetric flow to time-dependent behaviour, obtained from the more refined meshes, M3-R0 and M3-R5. Rounded refers to the M3-R5 meshes, whose corners have been rounded to a radius of curvature of 5% of the channel width. Table 1 for details). The curves are simply a guide to the eye. Table 5 Oldroyd-B model data, with b = 1/9, for a cross-slot with sharp corners. Osc stands for oscillatory flow. Table 6 sPTT model data, with b = 1/9 and e = 0.02, for a cross-slot with sharp corners. Osc stands for oscillatory flow. Osc.
-transitions in the cross-slot system: the steady bifurcation occurs as a result of large normal stresses and gradients in the birefringence strand, while the unsteady flow transition seems to result from instabilities generated along curved streamlines near the corners, as predicted by the Larson micromechanical model [16] , which are quantifiable using the Pakdel-McKinley criterion [17] . However, for the Oldroyd-B model, only a small increase in the second critical De was observed for the rounded corner simulations (see Table 3 ), and presently we are unable to explain this apparent inconsistency. Table 7 sPTT model data, with b = 1/9 and e = 0.25, for a cross-slot with sharp corners. Table 8 UCM model data for a cross-slot with rounded corners with a radius of curvature equal to 5% of the channel width. Osc stands for oscillatory flow. Table 9 Oldroyd-B model data, with b = 1/9, for a cross-slot with rounded corners with a radius of curvature equal to 5% of the channel width. Osc stands for oscillatory flow. Although there are a number of possible ways to quantify the additional pressure drop that arises due to the strong extensional flow within the cross-slot, we choose here to use the Couette correction, our third benchmark variable, defined as
where Dp is the overall pressure drop between two points located far away from the central region -one upstream and one downstream -under fully developed flow conditions, including the cross slot central region; s w is the total wall shear stress, (solvent plus polymer contributions), in fully-developed channel flows; and Dp fd is the pressure-drop required to drive that same fullydeveloped flow in a straight channel, in the absence of the slot, i.e. simple-shear flow between the two points chosen to determine Dp, not accounting for the length of the central square. Thus one may think of the Couette correction as the number of channel widths the planar channel would have to be extended by to produce the same pressure drop induced by the presence of the cross-slot. Note that 2s w = |dp/dx| fd D = |dp/dy| fd D. The variation of this measure of the additional pressure drop with De is shown in Fig. 8 for both geometries. The obtained average order of convergence for C is 1.2, somewhat lower than the expected value for a second-order method, because additional errors are introduced in the calculation procedure for C, namely the extrapolation used to determine the fully developed pressure drop and the difference between two small quantities. Upon bifurcation the viscoelastic fluid dissipates significantly less energy as it flows through the cross slot than it would if it did so flowing symmetrically at the same De, in agreement with previous results for both 2D [3, 15] and uniaxial extension in 3D [20] cross-slot simulations. For the sPTT model with e = 0.25, for which no bifurcation was observed up to De = 1.20, the sudden decrease in Couette correction is not observed. Also, as expected, rounding Table 10 sPTT model data, with b = 1/9 and e = 0.02, for a cross-slot with rounded corners with a radius of curvature equal to 5% of the channel width. Osc stands for oscillatory flow. Table 11 sPTT model data, with b = 1/9 and e = 0.25, for a cross-slot with rounded corners with a radius of curvature equal to 5% of the channel width. the cross-slot corners generally slightly decreases the pressure drop necessary to drive flow. In the spirit of this benchmark-proposing paper, all previously discussed data is provided in detail in tabular form. For sharp corner geometries, Tables 4 and 5 include data on the three benchmark parameters -Wi o , DQ and C -for the UCM and Oldroyd-B models, respectively, while Tables 6 and 7 provide the same data for the sPTT model, with e = 0.02 and e = 0.25, respectively. Similarly, data for rounded corners is given in Tables 8 and 9 for the UCM and Oldroyd-B models, respectively, while data for the sPTT model, with e = 0.02 and e = 0.25, can be found in Table 10 and   Table 11 , respectively. Furthermore, as discussed, the critical values of De for the first and second flow transitions are listed in Table 2 and Table 3 , respectively.
Conclusions
We provide detailed numerical data of flow quantities of interest for three different viscoelastic models in the cross-slot geometry, with particular emphasis placed on the bifurcation to steady asymmetric flow which occurs at a critical Deborah number. We propose that this steady flow bifurcation -in such a conceptually simple geometry -makes an excellent test case against which to benchmark, and compare, different numerical schemes for the simulation of viscoelastic fluid flows and have accordingly provided numerical data. We also estimate the critical De for the onset of time-dependent flow. We provide data for the standard sharp corner cross-slot and also for a slightly rounded geometry, so that benchmarking of spectral or other higher-order methods is not impeded by the existence of geometrical singularities due to sharp corners. The proposed benchmark variables -local Weissenberg number Wi o at the stagnation point, asymmetry parameter DQ, Couette correction C, and the critical De values -can also be measured experimentally, offering a standardized form of communicating results for the cross slot flow. The occurrence of an interior stagnation point, away from any boundary conditions, where the stress field can become unbounded is also a noteworthy flow feature, useful for benchmarking of numerical simulations.
